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A novel route towards high quality fullerene-pillared graphene Carbon is the element with the highest number of known allotropes. The three best-known ones are amorphous carbon, graphite, and diamond. In the past 30 years, new forms have been synthesized, including carbon nanotubes, graphene, and fullerenes, all of which have had a significant scientific and technological impact due to their unique properties, such as high surface area, good thermal and chemical stability, low mass, chemical inertness and unusual electronic properties [1] [2] [3] [4] . These materials have been extensively used as electrochemical storage capacitors, catalytic substrates, sorbents for separation processes, gas sensors, gas storage materials at high temperatures (e.g., for hydrogen, CO 2 , methane) [5] [6] [7] [8] . On the other hand, the big challenge in the field of nanoporous materials is the creation of mesoporous structures with controlled porosity and very high/tunable surface area [9] , since both of which are decisive factors for applications in catalysis and energy storage [10] . Graphene, the one atom thick layer of sp 2 hybridized carbon atoms, with its very high surface area, (2500 m 2 /g), is an excellent candidate for the development of novel hybrid nanoporous materials since it is also easily modifiable (chemically) and presents outstanding mechanical and thermal stability [11] . To create a porous material, one has to prevent graphene layers from assembling to form graphite driven by van der Waals interaction between the aromatic p-systems and a way to do this is to insert robust organic/inorganic species as columns/pillars in between them, using the so-called 'pillaring method' [12] . This method has been successfully employed with other layered materials like clays [13] , and layered double hydroxides [14] . By choosing the right guest molecules which are stable enough to keep the graphene layers separate, the appropriate distance for achieving a high surface area can be obtained. succeed in making such a pillared structure starting from graphite, two basic steps must be accomplished prior to intercalation of the pillaring moieties: the 3-D structure of graphite must be opened with the help of a co-intercalant and this initial hybrid structure must be dispersed in an organic solvent. The role of the co-intercalant is essential because once the graphite planes are pushed apart, guest molecules easily penetrate between the layers with the help of the appropriate solvent [15] [16] [17] . Graphite oxide (GO) holds a foremost place in intercalation strategies applied to date because of its well-ordered structure in combination with excellent hydrophilic and swelling properties [18] . The functional oxygen groups (such as hydroxyl, epoxy and carbonyl) give rise to the absorption of polar molecules forming GO-intercalation compounds, however upon reduction the quality of graphene layers is low due to both formation of holes in the hexagonal lattice and the presence of some remaining oxygen-groups.
An alternative is provided by graphite nitrate (GN) whose structure was quite difficult to unravel [19] . The final solution to the puzzle was given by Fuzellier [20] according to whom there are two arrangements of the nitric acid during the intercalation process. The first phase (a crystalline phase) with stoichiometry C + 24n •NO 3 -5HNO 3 for the nth stage compound, and interlayer distance of 7.8 Å , corresponds to an arrangement where the triangular planar nitric acid molecules stay perpendicular to the graphite planes. This phase spontaneously converts into a second 'residual' phase (b crystalline phase) with stoichiometry C + 24n •NO 3 -AE2HNO 3 and an interlayer distance of 6.6 Å , where the molecules lie down between the graphite planes ( Fig. 1 ) [21] [22] [23] . The great benefit of using GN as a host matrix for the insertion of suitable robust molecules in the graphite lattice, is the sufficient opening of the graphene layers without any oxidation treatment. Thus, the quality of the graphene flakes after the intercalation remains high and this allows for the development of a new class of hybrid structures with high specific area and defect free lattice.
In this work, we report the successful incorporation of fullerene in GN by a simple intercalation reaction using toluene as solvent. Nitrate molecules/anions play the role of co-intercalant, enabling C 60 to penetrate between the graphene layers. As a result pillared fullerene-graphene structures are formed upon thermal treatment at relatively low temperatures (below 100°C). The final hybrid material and the intermediate products were characterized by X-ray diffraction as well as by differential thermal and thermogravimetric (DTA-TGA) analysis, in conjunction with X-ray photoelectron and Raman spectroscopies. The possibility of stabilizing graphite nitrate by intercalation of organic compounds has been tried in the past [24, 25] , but here we report for the first time the insertion of a robust organic molecule acting as pillar between the graphene layers to create a hybrid structure with good thermal stability.
Experimental

Materials
High purity graphite powder was purchased from Carbon Bay (grade: SP1, batch no. 04100; lot no. 011705) and toluene (99.99%) from Acros Organics. Nitric acid (fuming, P99.5%,
), anhydrous acetonitrile (water <10 ppm) and C 60 (99.5%) were purchased from Sigma-Aldrich. All chemicals were used as received.
Preparation of GN
Graphite powder (4 g) was suspended in 20 ml of fuming nitric acid (P99.5%) under vigorous stirring at ambient conditions for 30 min, and the mixture was left to rest for 90 min. Then the top yellow solution (redundant nitric acid) was removed by siphoning, 50 ml of anhydrous acetonitrile was added and the mixture was stirred for another 5 min. The solid phase was separated by filtration through a PTFE membrane with average pore size of 0.45 lm. Finally, the film was washed twice with anhydrous acetonitrile (20 ml each time) and dried under vacuum. The final product (GN) was placed in a brown glass bottle and stored at RT. The weight gain of starting graphite due to adsorption of nitrates was about 30%. 
2.3.
Intercalation of fullerene in GN
In a typical experiment, 10 mg of GN were dispersed in 100 ml of toluene and the mixture was stirred for 5 days at ambient conditions. A solution of C 60 (10 mg) in toluene (100 ml) was then added dropwise to the graphite nitrate suspension and the mixture was stirred for another 5 days at room temperature. During this progress the initial purple colour of the suspension progressively darkened (after the 3 days) and finally became black indicative of the successful intercalation of C 60 into the graphite nitrate host material. The mixture was filtered with an Ederol filter (15-65 g/m 2 , 110 mm), washed three times with toluene and the final powder was collected (sample denoted as GN/C 60 ).
Characterization techniques
X-ray diffraction (XRD) data were collected using a Philips PAN anlytical X'Pert MRD diffractometer with a CuKa radiation (40 kV, 40 mA), a 0.25°divergent slit and a 0.125°antiscat-tering slit. The reflectivity patterns were recorded in the 2h range from 0.5°to 15°with a 0.02°step and counting time of 10 s per step for the temperature dependent measurements recorded in the range 125-25°C and a 0.01°step and 15 s of counting time for the room temperature measurements. Raman spectra were recorded with a Micro-Raman system RM 1000 RENISHAW using a laser excitation line at 532 nm (Nd-YAG) in the range of 1000-2400 cm
À1
. A power of 1 mW was used with 1 lm focusing spot in order to avoid photodecomposition of the samples.
X-ray photoelectron spectroscopy (XPS) data were collected using an SSX-100 (Surface Science Instruments) spectrometer equipped with a monochromatic AlKa X-ray source (hm = 1486.6 eV). The photoelectron take off angle was 37°with respect to the surface normal and the energy resolution was set to 1.2 eV. The base pressure in the spectrometer was 3 · 10 À10 Torr during all measurements. All binding energies were referenced to the C1s core level line [26] of the C-C bond at 285.0 eV and are given ±0.1 eV. Spectral analysis included a Shirley background subtraction and peak deconvolution employing Gaussian-Lorentzian functions in a least squares curve-fitting program (Winspec) developed at the LISE, University of Namur, Belgium. The photoemission peak areas of each element, used to calculate the amount of each species in the probed volume, were normalized by the sensitivity factors of each element, specific to the spectrometer used. The uncertainty in the peak intensity determination is 4% for nitrogen, and 1% for carbon, gold, and oxygen. For the measurements, evaporated polycrystalline gold films supported on mica (grade V-1, TED PELLA), prepared by sublimation of 99.99% gold (Schö ne Edelmataal B.V.) were used as substrates.
To obtain atomically flat Au(1 1 1) substrates, the sublimation was carried out in a custom built vacuum chamber at a base pressure of 10 À7 Torr onto freshly cleaved mica sheets, which were pre-heated at 650 K for 16 h in order to degas environmental impurities before depositing 150 nm of gold with the mica substrate kept at 650 K. The substrate was cooled down to room temperature over a period of 8 h. After storing under ambient conditions, the substrates were flamed annealed with a hydrogen flame for 1 min in order to eliminate oxygen and carbon impurities from the environmental exposure (immediately before being used for XPS). The samples were prepared by dropcasting a toluene dispersion and dried under vacuum before introduction into the spectrometer. Thermogravimetric (TGA) and differential thermal (DTA) analysis were performed using a Perkin Elmer Pyris Diamond TG/DTA. Samples of approximately 5 mg were heated in air from 25 to 850°C, at a rate of 5°C/min.
3.
Results and discussion
XRD measurements
XRD patterns of pristine graphite and graphite-nitrate are presented in Fig. 2 . The pattern of pure graphite exhibits an intense peak at 26.5°corresponding to a basal spacing of [23] . The stability of this compound depends mainly on temperature; in fact, as demonstrated by the diffraction patterns in Fig. 2 , upon heating GN at 100°C, the nitrate molecules/anions disappear from the graphite galleries and the graphene layers restack forming graphite. The intercalation of fullerene into the interlayer space of GN was demonstrated by temperature-dependent X-ray diffraction measurements. Fig. 3 displays the XRD patterns of a GN/C 60 film recorded in a temperature range between 25 and 125°C. At room temperature, the X-ray diffractogram of GN/C 60 shows that the main 0 0 1 reflection of GN is superim- Fig. 2 -XRD patterns of graphite, graphite nitrate and graphite nitrate after heating at 100°C.
posed on a new broader peak centred at $9.5°. The existence of the 0 0 1 peak reveals that the nitrate molecules remain within the graphite galleries (stage II residual compound) while the broad peak is due to insertion of C 60 molecules between graphene layers, which gives rise to the formation of a new intercalated graphite derivative. As the temperature increases, the 0 0 1 peak due to stage II residual GN progressively vanishes. At 75°C only the broad peak due to C 60 intercalated between graphene sheets remains and no changes are observed upon further heating, indicating that fullerenes act as robust pillaring molecules between the graphene layers. From the value of the basal d 001 -spacing of 9.3 Å of this compound an intersheet separation of L = 9.3-3.3 = 6.0 Å is deduced, where, the value of 3.3 Å represents the thickness of a graphene sheet. This value is reasonably close to the size of C 60 ($7 Å ) and a similar interlayer spacing has been observed upon intercalation of fulleropyrrolidine derivatives in smectite nanoclays [27] . Employing the Debye-Scherrer equation, the thickness of the coherently diffracting domains or mean crystalline dimension, t, can be calculated: t = Kk/b cosh [13] . where K is a constant near unity (K = 0.91), k is the wavelength of X-rays (k = 1.5418 Å ), h is the angular position of the first diffraction peak, and b is the broadening of the 0 0 1 line diffraction line (calculated as full width at half of the peak height and expressed in radians). Thus the crystalline thickness of the GN/C 60 hybrids can be estimated as 19.3 Å . As a Fig. 4 -The C1s core level region of the XPS spectra of pristine graphite, graphite nitrate, and graphite nitrate intercalated with C 60 (GN/C 60 ) before and after heating at 400°C in vacuum. consequence, the average stacking height of the layers, estimated by the formula N = t/d, where N is the number of diffracting layers along the c-axis and d is the 0 0 1 spacing of one layer (in Å ), was found to be equal to two which suggests that an important exfoliation has occurred and that the intercalated hybrid is present as bilayers.
To gain insight into the elemental composition and the chemical state of the elements that make up the pillared compound, XPS spectra of graphite, GN and of the GN/C 60 hybrid were collected before and after heating at 400°C (under vacuum) and are presented in Fig. 4 . The C1s core level region of the XPS spectrum of natural graphite displays only one narrow peak at a binding energy of 285.0 eV, indicative of the good quality of the starting material. After intercalation of nitric acid, the C1s line of GN exhibits four contributions at 285.0, 286.2, 287.2 and 289.0 eV. The peak at 285.0 eV (C1) originates from the carbon-carbon bonds of the hexagonal lattice, and accounts for 87.5% of the total carbon intensity. The contribution at 286.2 eV (C2) is due to in C-N and C-O bonds (7.8% of the total carbon intensity), while the spectral intensity at 287.2 eV (C3) and 289.0 eV (C4) arises from the carbonyl (3.6%) and carboxyl groups (1.3%), respectively. The data suggest that the synthesis of GN did not significantly affect the graphene lattice since less than 8% of the structure has been functionalized by oxygen and nitrogen containing groups creating defects on the lattice. These findings are in accordance with those obtained by Raman spectroscopy (see below). The C1s core level region of the XPS spectrum of intercalated GN/ C 60 (before heating) reveals the successful intercalation of fullerene whose fingerprint is the shake-up feature centred at 291.3 eV [28, 29] . In addition, the same distinct carbon peaks of GN are also observed in the GN/C 60 hybrid but the relative intensities of these four C1s components are quite different from those of pure GN. In fact, in the GN/C 60 hybrid, the spectral intensity of the C2-C4 species seems to be increased with respect to that of the C1 species. 16.5% of the total C1s intensity arises from the carbon bound to nitrogen and carbon bound to oxygen (C2), 22.4% comes from the carbonyl groups (C3), while 6.6% stems from the carboxyl groups (C4). This phenomenon could be explained due to the important exfoliation deduced from the XRD data, which causes the photoemission signal of the C2-C4 functionalized carbon groups situated mainly at the edges of the carbon sheets to be less attenuated. In addition, after annealing of the GN/C 60 material at high temperature (400°C) under vacuum, a significant reduction of the oxygen/nitrogen containing functional groups is evident from the decreased intensities of the C2-C4 species, attesting to the good quality of the graphene sheets, while the shake-up peak at 291.3 eV remains, confirming the presence of C 60 molecules between the graphene layers. In detail, after heating the hybrid material 81.7 % of the total C1s intensity corresponds to carbon-carbon bonds of the aromatic ring of graphite, as well the fullerene molecules. Based on the XPS intensities, one also deduces that the oxygen level of the hybrid nanostructure approaches three atomic %; in comparison with other intercalation methods of graphite reported up to now [30] , this oxidation level is extremely low.
Since an element's photoemission intensity is directly proportional to its atomic percentage in the probed volume, from the carbon and nitrogen 1s intensities in GN and GN/C 60 reported in Table 1 one can calculate the intercalation yield. The ratio between the carbon to nitrogen intensities (I C1s :I N1s ) is 12.1 in the pristine GN, and increases to approximately 15.8 after intercalation of C 60 . Assuming that this increase in carbonaceous material is due to the insertion of fullerene into the graphite nitrate matrix (C + 48 •NO 3 -2HNO 3 ) and hence neglecting the possibility of inserting toluene together with C 60 , we can estimate the intercalation yield as one C 60 molecule every 155 ± 5 carbon atoms of graphite nitrate. Fig. 5 presents the Raman spectra of the pristine graphite and GN, as well as of the GN/C 60 hybrid. The starting graphite material can be classified as defect free and well-ordered since the D band (at around 1350 cm
À1
) is absent [31, 32] . After intercalation of nitrate molecules/anions the sharp G peak splits in two peaks at 1580 and 1610 cm À1 , respectively. The splitting of the G band upon intercalation arises primarily from the symmetry changes since every graphitic layer is now adjacent to an intercalant layer on one side and to a graphene sheet on the other [33, 34] . Upon intercalation of C 60 the intensity ratio of these two bands changes and they broaden considerably: the G band centred at 1580 cm À1 dominates the spectrum and the split peak has become so broad that it is visible only as a small shoulder. In addition, in the Raman spectrum of GN/C 60 , a new peak located at 1445 cm À1 assigned to the prominent pentagonal pinch mode (A g (2)) of C 60 reveals the presence of fullerene in the final hybrid material. In fact, this peak is down-shifted 24 cm À1 from the A g (2) mode of fullerite (1469 cm
) [35] . This shifted value is typical for C 60 adsorbed on surfaces where the molecule interacts only weakly, such as H-terminated Si [36] or CO pre-covered Cu(0 0 1) [37] , i.e., where neither covalent bonding 6 1 ( 2 0 1 3 ) 3 1 3 -3 2 0 nor charge transfer occur. One can also see that a small amount of structural disorder is introduced upon intercalation of fullerenes, which translates into the appearance of a small D band (1350 cm À1 ); however, the low relative intensity of the D band with respect to the G band (I D /I G $0.3) is an indication of a fairly well ordered, defect-poor intercalated material [31] . A contribution to the existence of the D band may also come from any remaining toluene which is adsorbed (via p-p stacking) and acts as a donor, transferring electrons to the graphene sheets [38, 39] .
To investigate the stability of GN and GN/C 60 , thermogravimetric (TGA) analysis was performed. We first compared pure graphite and graphite nitrate before and after heating the sample at 100°C in air; the results are shown in Fig. 6 . Pristine graphite decomposes at temperatures above 680°C, while GN displays a 23.3% weight loss up to 100°C; the latter is related to the removal of nitrate molecules/anions, and water molecules from the interlayer space of graphite. Upon further heating GN is found to combust at lower temperatures (570°C) than pristine graphite. In the TG curve of GN collected after heating the sample at 100°C, the first weight loss step is absent and the combustion of the graphite lattice is taking place at the same temperature as for GN that has not been heated, indicating that nitrate anions were efficiently removed from the graphene galleries without influencing the carbon structure. The lower temperature (with respect to pristine graphite) at which graphitic layers of GN and heated GN start to decompose indicates that opening the interlayer space through intercalation facilitates the access to oxygen even after the intercalant has been evacuated.
After the intercalation of C 60 into GN, TGA and differential thermal analysis (DTA) were carried out (Fig. 7) to define the characteristics of this hybrid pillared material. GN/C 60 showed a 6% weight loss up to 150°C, related, as for GN, to the removal of both nitrate species and intercalated water. Above this temperature, the DTA curve exhibits three exothermic peaks. A 17% weight loss between 230 and 380°C, with the exothermic peak centred at 290°C, which is attributed to the removal of oxygen-containing species (see XPS spectra discussed above) from the edges of the graphene sheets and of any toluene co-inserted with C 60 via adsorption. Toluene is acting as a donor, transferring electrons to graphene [38, 39] . The second exothermic peak centred at 445°C is assigned to the oxidation of intercalated fullerene molecules based on the comparison with the TGA curve of pure fullerene (see inset Fig. 7) . From the weight loss curve between 380 and 500°C, we estimate that about 25 wt% of the total mass corresponds to fullerene molecules incorporated in the hybrid. These results are in accordance with the XPS data where we observe an increase of the C/N ratio of approximately 25%. Finally, for temperatures above 500°C, the exothermic peak centred at 555°C originates from the combustion of graphite [40] . This temperature is lower than that of pristine GN (see Fig. 6 ) and an explanation for this acceleration of the combustion might be that because of the fast temperature rise the graphene layers have no time to re-stack via Van Der Waals interaction [40] . From the TG curve, the total amount of the graphene-based matrix is estimated to be 52 wt% of the overall mass of the hybrid material. 
4.
Conclusions
In conclusion, we demonstrated the successful intercalation of pure fullerene in high quality graphite nitrate derived from reaction of pristine graphite with fuming nitric acid. The nitrate anions play the role of co-intercalant enabling C 60 molecules (using toluene as solvent) to penetrate between the graphene layers. Heating to temperatures where the nitrate anions diffuse out of the structure yields fullerene-pillared graphene.
The presence of intercalated C 60 molecules between the graphene sheets is deduced from X-ray diffraction as well as from Raman, and the spectroscopic techniques demonstrate that the quality of the graphene layers is not compromised by the intercalation. A quantification of the interaction yield was derived from thermogravimetric analysis and X-ray photoemission data, yielded that fullerene intercalated in the pillared structure amounts to about 25 wt%.
The present method opens new perspectives for the intercalation of various guest molecules in graphite also because graphite nitrate allows for functionalization processes following the very well established carbon chemistry. Pillaring structures based on graphene (using different type of organic/or inorganic pillars in between the graphene layers) may lead to new types of porous materials suitable as catalysts, catalytic supports or adsorbents for gas storage applications.
